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ABSTRACT
Sommer, Alexandra L. M.S., Purdue University, August 2018. Physiological Changes
in Hippocampal CA3-CA1 Network Following Pilocarpine Induced Status Epilepticus. Major Professor: Edward L. Bartlett.
Status Epilepticus has been shown to increase the risk of developing epilepsy later
in life. Anatomical changes such as dendritic instability and reduction in neurotransmitter associated vesicles have been found within the hippocampus. In this study,
local ﬁeld potential recordings in hippocampal slices were measured to determine how
the anatomical variation between control and status epilepticus induced animals correlated to function changes in synaptic eﬃcacy and plasticity. Rats and mice induced
with status epilepticus were found to have decreased synaptic eﬃcacy, but appeared
to demonstrate varying plasticity compensation at diﬀerent stimulation intensities.
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1. BACKGROUND
1.1

Epilepsy
Epilepsy in a condition in which recurrent spontaneous seizures occur. To be

diagnosed with epilepsy, it is necessary to have two spontaneous seizures that do
not appear to be evoked by a speciﬁc trigger. [1, 2] Seizures are often discussed as
neurons ﬁring due to hyperexcitiability - heightened activity in response to a stimulus
- compared to normal healthy neurons [3]. Hyperexcitable neurons do not always
result in seizures, but hyperexcitability is a common trigger of epileptic seizures [3].
In addition to hyperexcitability, neurons in an epilepstic circuit often demonstrate
increased synchrony of ﬁring [2, 4].
Commonly, seizures can be classiﬁed into two groups - generalized seizures, and
focal seizures. Despite this simple classiﬁcation system, seizures within these two
groups can vary greatly in terms of origin point, cognitive experience, and side eﬀects.
The distinct separation between focal and generalized seizures is solely based on how
much of the brain is involved in the emergence of the seizure. The more common
focal seizures originate in a speciﬁc location in the brain, while generalized seizures
are capable of starting and progressing rapidly on both hemispheres of the brain.
In addition to the varying types of seizures, there are also many categories of
epilepsy itself. Primarily, the categorization of the speciﬁc epilepsy syndrome is
based on the type of seizure - focal or generalized, focal point of the seizure, and
the symptoms commonly associated with the seizures. The most common form form
of epilepsy that consists of focal seizures is temporal lobe epilepsy (TLE) [5]. In TLE,
the focal point of the seizures is generally isolated to the temporal lobe, speciﬁcally
including the hippocampus.
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Epilepsy can arise via both genetic mutation and trauma [6]. Seizures can develop
due to genetic mutations resulting in factors such as disrupted ion channel functionality, abnormally developed neurons, or simply a reduced threshold for seizure activity [3]. Common traumatic sources that lead to the development of seizures include
alcohol poisoning, head trauma, inﬂammation and infection, or oxygen deprivation
resulting from a stroke or heart attack [5].
Evoked seizures, particularly seizures prolonged length - greater than 5 minutes such as status epilepticus (SE) have been shown to increase the risk of additional unevoked seizures later [7,8]. The cholinergic drug - pilocarpine - is able to systemically
induce SE in both rats and mice [8–11]. Pilocarpine is able to cross the blood-brain
barrier and induce seizures systemically without the need for localized injection.

1.2

The Hippocampus

1.2.1

Function

The hippocampus is commonly accepted to be associated with learning and the
creation of declarative memory, or the ability to recall speciﬁc events and facts as
opposed to nondeclarative memory which is the creation of habits and skills. [12–18].
Hippocampal-dependent learning is often tested through novel object recognition or
spatial learning as these two tasks require the recall abilities associated with declarative memory [19–21].

1.2.2

Structure

The hippocampal circuit is commonly discussed in the context of the trisynaptic
circuit [22]. This trisynaptic circuit consists of four distinct anatomical regions connected via three axon bundles resulting in the three synapses by which the circuit
is named. This ﬁrst synapse of the circuit is the perforant path ﬁbers from the entorhinal cortex synapsing with the granular cell layer in the dentate gyrus region of
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the hippocampus. From these granular cells, the mossy ﬁbers extend and synapse
with the pyramidal cells in the Cornu Ammonis 3 (CA3) region of the hippocampus.
The third, and ﬁnal synapse in this circuit consists of the Schaﬀer collaterals (SCs)
extending from CA3 pyramidal cells and synapsing with the pyramidal cells in the
Cornu Ammonis 1 (CA1) region of the hippocampus [21].

Fig. 1.1. Figure of Hippocampal circuitry and the synapses of the
trisynaptic circuit [23].

The hippocampus includes multiple primary cell types. The notable excitatory cell
type in the hippcampus are the pyramidal cells, while the primary inhibitory cells in
the hippocampus are the interneurons [24]. Within the category of interneurons, there
are 21 types of interneuron [24] [25], tow of which are the neurogliaform cells, and
O-LM cells [25]. The neurogliaform cells are generally located within the stratum
lacunosum-moleculare layer, and play a role in feed-forward inhibition [25]. The
O-LM cells project from the stratum oriens to the stratum lacunosum-moleculare
layer. These O-LM cells play a dominant role in feedback inhibition [25]. Within the
stratum lacunosum-moleculare layer, there is interaction of both interneurons with
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the pyramidal cells, as well as interaction between the interneurons themselves [25].
This interaction network plays a large role in maintaining the hippocampal oscillations
and synchrony under normal conditions [25].

1.2.3

Anatomical Changes Found

In addition to increased hyperexcitability following an episode of SE, evidence
has been found to show the occurrence of morphological distortions in the dendritic
branching [9, 10, 22]. It has been demonstrated that following SE, there is a signiﬁcant decrease of microtubule associated protein 2 (MAP2) which is associated with
dendritic stability [9, 26, 27]. MAP2 has been linked to synapse formation as well as
synaptic plasticity [28].
It has been found that there is a signiﬁcant decrease in dendritic spine density in
the hippocampus following an episode of SE [9, 10]. This decrease in dendritic spine
density has been linked to many causes such as excessive NMDA receptor activation
[29] [30] and immune response of the innate microglial cells [9, 10, 30–35].
Following extended seizures many researchers have demonstrated extensive cell
loss within the hippocampal regions following seizures [5, 36, 37]. This signiﬁcant cell
loss and decrease in dendritic spine density can lead to extensive network remodeling
[38].

1.3

Synaptic Communication
Neurons communicate via neurotransmitter release at the synaptic terminals. Ac-

tion potentials propagating down the axons trigger the opening of Ca2 + channels, and
subsequent release of synaptic vesicles containing neurotransmitters [39]. This cycle
of neurotransmitter release can be repeated after the synaptic vesicles are reﬁlled with
additional neurotransmitters [39].
In a normal physiological condition, the axon does not always propagate a single
action potential at a time. In these conditions of two or more action potentials in
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fairly short time period, short-term synaptic plasticity can be observed [40–42]. In
cases of two action potentials, the second action potential may result in an increase or
decrease in neurotransmitter release probability when compared to the initial action
potential [40–42]. An increase in neurotransmitter release probability is known as
potentiation while a decrease in neurotransmitter release probability is known as depression [40–42]. The time interval between the action potentials plays a large role in
whether potentiation or depression will occur. In the hippocampal CA1 region, it has
been observed that in very short time intervals (<50 ms) between action potentials,
depression is likely to occur. While in slightly longer time intervals (50-400 ms) potentiation is more likely to occur. In the case of long time intervals (>400 ms) between
pulses, there is full recovery at the synapse, and no plasticity is observed [40–42].
This phenomenon is also observed following trains of pulses that are separated
by a speciﬁed time interval or inter-stimulus interval (ISI) [41, 43, 44]. In pulse train
cases, it is possible for the synapse to experience both potentiation and depression
during the course of the pulse train. Similarly to the two action potential model,
in the pulse train case the second action potential will often result in an increase
of neurotransmitter release probability at relatively short ISIs [41, 43, 44]. However,
the neurotransmitters may be unable to fully replenish during the course of the pulse
train resulting in a decrease of neurotransmitter release later [41,43,44]. Under normal
conditions, the hippocampal CA1 pyramidal cells are able to recover suﬃciently to
maintain potentiation at ISIs around 50 to 100 ms [41, 43, 44].

1.4

Conclusion
Currently research involving physiological changes following SE focuses on synap-

tic changes giving rise to hyperexcitability of the neurons [3, 45].Although many
researchers have investigated the role of various proteins involved in synaptic eﬃcacy [46–67], it appears that no researcher has attempted to link the anatomical
MAP2 disruptions to the physiological eﬃcacy and plasticity changes in the synapses.
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2. METHODS
The following methods were performed using both male Sprague Dawley rats (Envigo)
and male C57BL/6J mice (Jackson Laboratory)

2.1

Seizure Induction
Status epilepticus (SE) was induced in the rats as described by Brewster et al. [10],

and a modiﬁed induction paradigm was used for the mice. The Scopolamine methylbromide (Sigma-Aldrich, St Louis, MO, USA) was administered via intraperitoneal
(i.p.) injection with a dosage of 1 mg/kg for both rats and mice. This was done to diminish the peripheral eﬀects of the cholinergic activation from the pilocarpine. Thirty
minutes after, the animals received injections (i.p) of saline (control) or pilocarpine
(Sigma-Aldrich) at a dosage of 280-300 mg/kg for the rats and 300-350 mg/kg for the
mice.
The mice were then monitored for behavior measures of seizure progression. The
onset of SE was determined by reaching a class 4.5 limbic motor seizure on the Racine
seizure scale [68]. Following the onset of SE, the animals were allowed to continue
seizing for 45-60 minutes. Diazepam (10 mg/kg; Sigma-Aldrich) was injected (i.p) to
halt the seizure activity. To maintain the hydration of the animals, injections (i.p) of
0.9% saline were administered two hours later.

2.2

Slice Electrophysiology

2.2.1

Surgery

Rats and mice were overdosed with Beuthanasia. When the animal no longer
displayed the presence of a toe pinch reﬂex, the brain was removed and placed into
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an oxygenated bath of ice-cold sucrose based solution. The brain was incubated for
10 minutes in the ice-cold solution prior to transfer to a Leica WT-1000S vibratome
(Leica Microsystems) for sectioning. Sagittal slices were obtained at 400 µm for rats
and 300 µm for mice. Following sectioning, slices were moved to a bath of oxygenated
artiﬁcial cerebrospinal ﬂuid (aCSF) maintained at room temperature.

2.2.2

Solutions

Extracellular recording aCSF consisted of 2.5 mM KCl, 1.25 mM MgCl2 , 2 mM
CaCl2 , 1.25 mM NaHPO4 , 26 mM NaHCO3 , 10 mM D-glucose, and 126 mM NaCl.
Extracellular sucrose ACSF consisted of 2.5 mM KCl, 10 mM MgCl2 , 0.5 mM CaCl2 ,
1.25 mM NaHPO4 , 26 mM NaHCO3 , 11 mM D-glucose, and 234 mM sucrose. These
concentrations were adapted from Paul and Cox (2010) [69]. Solutions were consistent
between rats and mice.

2.2.3

Recordings

Following a 1.5-2 hour incubation at room temperature, slices were individually
transferred to a RC 27 LD chamber (Warner Instruments) with continuously administered oxygenated aCSF at room temperature.
Following a 20 minute incubation in the recording chamber, the stimulating electrode (10-15 kΩ tungsten; World Precision Instruments) was placed in the Schaﬀer
Collaterals at the crossover in the CA2 region of the hippocampus. A Ag/AgCl half
cell pellet electrode with a silver wire (World Precision Instruments) was used as the
bath reference electrode and placed in the bath solution. The recording electrode
consisting of a silver wire in a glass microelectrode (400 - 600 kΩ) pulled using Sutter
instruments model p-97. The recording electrode was placed in the dendritic region
in the CA1 area of the hippocampus [70]. The electrode placements can be seen in
Figure 2.1
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Fig. 2.1. The recording setup in a sagittal slice in the hippocampus.
The x represents the stimulating electrode while the circle represents
the recording electrode. Modiﬁed from [23].

A 200µs bipolar cathode leading current pulse was injected as stimulation to elicit
local ﬁeld potentials (LFPs). The maximum stimulation condition was determined to
be the point at which increasing the current by 5µA did not result in an increase in the
excitatory post-synaptic potential (EPSP) response amplitude. Minimum stimulation
was determined through systematically lowering the injected current in 5µA steps.
The lowest current to elicit a response larger than the noise ﬂoor after ﬁve repetitions
of stimulation was named the minimum stimulation to evoke a response. 75%, 50%,
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and 25% of maximum stimulation were deﬁned as being 75%, 50%, and 25% of the
diﬀerence between maximum and minimum respectively.
In addition to single shock (single stimulus) recordings, paired pulse, and pulse
train recordings were also obtained. For the rats, paired pulse was conducted at 100
ms inter-stimulus interval (ISI) or 10 Hz, and pulse trains were conducted at 20 ms
ISI, 50 ms ISI, and 100 ms ISI. For the mice, both paired pulse (two pulses) and
pulse trains (ten pulses) were conducted at 50% of maximum stimulation with interstimulus intervals of 13 ms, 15 ms, 20 ms, 50 ms, 100 ms, 200 ms, 300 ms, 400 ms,
600 ms, and 800 ms. For each condition, 9 frame repetitions were recorded.
In rats, 3 control animals were used with 1-3 slices each, 3 SE animals were used
with 1-2 slices each. Slices with unhealthy responses or outliers were excluded from
the study. Slices were stated as unhealthy if the ﬁber volley was greater than half of
the EPSP amplitude. Outliers were determined as outside of twice the interquartile
rage for the given data set. The number of mice, and slices can be seen in 3.1.

2.3

Analysis
All analysis was conducted using custom software in MATLAB (MathWorks, Nat-

ick, MA). The nine collected frames were averaged together for analysis. The baseline
of was calculated prior to each elicited EPSP as the average of the 1 ms prior to
the stimulus. The EPSP amplitude was calculated as the diﬀerence of the response
minimum from the baseline. For paired pulse and pulse trains, a new baseline was
measured prior to each stimulus.
All statistical analysis was conducted using MATLAB’s statistical analysis package. A Wilcoxon rank-sum test was used to determine statistical signiﬁcance (α ≤0.05)
between control and SE induced animals at speciﬁc conditions (e.g. pulse 5 ratio at 20
ms ISI). A two way analysis of variance (ANOVA) was used to determine signiﬁcant
(α ≤0.05) diﬀerences between groups (e.g. all pulses at 20 ms ISI).
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3. RESULTS
3.1

Rat Study
The stimulus response or input-output (I/O) curve demonstrated in Fig. 3.1.

It can be seen that there the SE animal group has a decreased maximum EPSP
amplitude when compared to the control group at maximal stimulation (100%). These
trends suggest that there is a decreased synaptic eﬃcacy in the SE group compared
to control.
The paired pulse ratio (PPR) determined at 20 ms (50 Hz), 50 ms (20 Hz) and
100 ms (10 Hz) shown in Fig. 3.3 shows that ISIs of 20ms, and 50 ms trend toward
potentiation in the control rats, but trend toward depression in the SE rats, suggesting
that the SE group trends toward short-term synaptic depression while the control
group trends toward short-term synaptic potentiation. The PPR for 100 ms ISI
shows a slight trend in the same direction, but overall, the ratios are very similar at
this interval.
The pulse train data evoked for the rats shows similar trends to the PPR data.
With an ISI of 20 ms, it can be seen that the pulse train ratio or all pulses results in
a higher value for the control group compared to SE (Fig. 3.4. At 50 ms ISI, there is
substantial variability in the control group, but the trend stands with the control rats
leaning toward short-term potentiation, and the SE rats leaning toward short-term
depression (Fig. 3.5. For a pulse train of 100 ms ISI, it can again be seen that the
control group has a trending higher ratio value when compared to the SE group at
all pulses (3.6).
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Fig. 3.1. The EPSP amplitude (mean ± SEM) elicited based on
percent of maximum current.Control animals = 3, Control slices =
4, SE animals = 3, SE slices = 3. not signiﬁcant (n.s).
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Fig. 3.2. A representative trace of the elicited rat LFP waveform for
SE induced and control rats.Trace were temporally aligned by the
peak EPSP.
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Fig. 3.3. Paired pulse ratio (PPR) measured (mean ± SEM) for ISIs
of 20 ms (50 Hz), 50 ms (20 Hz) and 100 ms (10 Hz). The paired
pulse recordings were elicited at maximal stimulation (100%). Control
animals = 3, Control slices = 4, SE animals = 3, SE slices = 3, n.s.
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Fig. 3.4. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 20 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The stimulus train recordings were elicited at maximal stimulation
(100%). Control animals = 3, Control slices = 4, SE animals = 3, SE
slices = 3, n.s.
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Fig. 3.5. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 50 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The stimulus train recordings were elicited at maximal stimulation
(100%). Control animals = 3, Control slices = 4, SE animals = 3, SE
slices = 3, n.s.
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Fig. 3.6. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 100 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The stimulus train recordings were elicited at maximal stimulation
(100%). Control animals = 3, Control slices = 4, SE animals = 3, SE
slices = 3, n.s.
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Fig. 3.7. Ratio of pulse 5 to pulse 1 (mean ± SEM) recorded in a 10
pulse train elicited at ISIs of 20 ms (50 Hz), 50 ms (20 Hz) and 100
ms (10 Hz) using maximal stimulation (100%). Control animals = 3,
Control slices = 4, SE animals = 3, SE slices = 3, n.s.

18

Pulse 10 Ratios
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Fig. 3.8. Ratio of pulse 10 to pulse 1 (mean ± SEM) recorded in a 10
pulse train elicited at ISIs of 20 ms (50 Hz), 50 ms (20 Hz) and 100
ms (10 Hz) using maximal stimulation (100%).Control animals = 3,
Control slices = 4, SE animals = 3, SE slices = 3, n.s.
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3.2

Mouse Study
The stimulus I/O curve of the mouse data demonstrated in Fig. 3.9 shows that the

SE mice displayed a decreased EPSP amplitude at maximal stimulation (100%) when
compared to the control mice. This suggests a decrease in synaptic eﬃcacy in the
SE group. At stimulus intensities of 75% and 100% the SE animals were statistically
diﬀerent from the control animals (p = 0.03, and p = 0.033 respectively).
Although the results of paired pulse stimulation at varied ISIs shown in Fig. 3.11
appear to be similar, it can be seen that there is a slight decrease in the PPR at 100
ms ISI.
For the pulse train data, it can be seen in Fig. 3.12 that lower ISIs such as 20 ms,
results in a decrease of short term depression in the SE group in pulses 3-10. At the
individual pulse ratios, there is no statistically signiﬁcant diﬀerence, but as a group
the SE induced mice were signiﬁcantly (p = 0.0227) higher than the control mice.
For a slightly longer 50 ms ISI (shown in Fig. 3.14) there is an increase in the pulse
ratio for pulses 6-10. At the individual pulse ratios, there is no statistically signiﬁcant
diﬀerence, but as a group the SE induced mice were signiﬁcantly (p = 0.0258) higher
than the control mice. At 100 ms ISI, there is no signiﬁcant diﬀerence. At 200 ms
ISI, the SE group displays a signiﬁcantly (p = 0.013) higher ratio (3.17). Longer ISIs
(300 ms - 800 ms) show no diﬀerence in pulse ratio (Fig. 3.18 - 3.21).
A comparison of the pulse 5 ratio at all ISIs shows a trend of increased pulse ratio
in the SE group compared to control (Fig. 3.22). A comparison of a pulse 10 ratio at
all ISIs shows a trend of increased pulse ratios in the SE group compared to control
(Fig. 3.23).
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Table 3.1.
Mouse and slice numbers
ISI

Control

SE

animals slices

animals slices

13

-

-

3

4

15

-

-

3

4

20

3

5

10

12

50

5

7

9

11

100

6

8

11

14

200

6

8

11

14

300

6

8

11

14

400

6

8

11

14

600

6

8

11

14

800

6

8

10

14
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Fig. 3.9. The EPSP amplitude (mean ± SEM) elicited based on percent of maximum current. Control animals = 9, Control slices = 11,
SE animals = 10, SE slices = 16.* denotes signiﬁcant (p<0.05) difference between SE induced and control EPSP amplitude at speciﬁed
stimulation intensity
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Fig. 3.10. A representative trace of the elicited rat LFP waveform for
SE induced and control mice. Trace were temporally aligned by the
peak EPSP.
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Paired Pulse Ratios
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Fig. 3.11. Paired Pulse ratio (mean ± SEM) elicited at ISIs of 13 ms
(76.9 Hz), 15 ms (66.7 Hz), 20 ms (50 Hz), 50 ms (20 Hz), 100 ms
(10 Hz), 200 ms (5 Hz), 300 ms (3.33 Hz), 400 ms (2.5 Hz), 600 ms
(1.67 Hz), 800 ms (1.25 Hz) using half of maximal stimulation (50%).
Number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.12. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 20 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The number of animals and slices are represented in Table 3.1. SE
group is signiﬁcantly (p = 0.0227) compared to control.
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Fig. 3.13. A representative trace of the elicited mouse LFP pulse train
for SE induced and control rats at 20 ms ISI.
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Trains 50 ms ISI
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Fig. 3.14. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 50 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The number of animals and slices are represented in Table 3.1. SE
group is signiﬁcantly (p = 0.0258) higher compared to control
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Fig. 3.15. A representative trace of the elicited mouse LFP pulse train
for SE induced and control rats at 50 ms ISI.
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Fig. 3.16. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 100 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse 1.
The number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.17. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 200 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse
1. The number of animals and slices are represented in Table 3.1. SE
group is signiﬁcantly (p = 0.0134) higher compared to control.

30

Trains 300 ms ISI
Control
SE

Pulse Ratio (Pulse N/Pulse 1)

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0
-0.2

2

3

4

5

6

7

8

9

10

Pulse Number

Fig. 3.18. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 300 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse 1.
The number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.19. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 400 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse 1.
The number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.20. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 600 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse 1.
The number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.21. Pulse train ratios (mean ± SEM) for a 10 pulse train with
ISI of 20 ms. The Pulse ratio for pulse N was calculated as the ratio
of the EPSP amplitude of pulse N to the EPSP amplitude of pulse 1.
The number of animals and slices are represented in Table 3.1. n.s.
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Fig. 3.22. Ratio of pulse 5 to pulse 1 (mean ± SEM) recorded in a
10 pulse train elicited at ISIs of 13 ms (76.9 Hz), 15 ms (66.7 Hz), 20
ms (50 Hz), 50 ms (20 Hz), 100 ms (10 Hz), 200 ms (5 Hz), 300 ms
(3.33 Hz), 400 ms (2.5 Hz), 600 ms (1.67 Hz), 800 ms (1.25 Hz) using
half of maximal stimulation (50%). Number of animals and slices are
represented in Table 3.1. n.s.
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Fig. 3.23. Ratio of pulse 10 to pulse 1 (mean ± SEM) recorded in a
10 pulse train elicited at ISIs of 13 ms (76.9 Hz), 15 ms (66.7 Hz), 20
ms (50 Hz), 50 ms (20 Hz), 100 ms (10 Hz), 200 ms (5 Hz), 300 ms
(3.33 Hz), 400 ms (2.5 Hz), 600 ms (1.67 Hz), 800 ms (1.25 Hz) using
half of maximal stimulation (50%). Number of animals and slices are
represented in Table 3.1. n.s.
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4. DISCUSSION
Comparison of the rats and the mice demonstrate EPSP amplitude being decreased in
the SE group compared to control, suggesting a decrease in synaptic eﬃcacy in both
the rats and mice induced with SE. This decrease in synaptic eﬃcacy is consistent
with previous ﬁndings [29, 30, 37].
However, comparing pulse train and paired pulse results of the rats and mice,
there are some clear diﬀerences. Firstly, the control rats tended to have higher pulse
ratio and PPR values compared to the SE rats (Fig. 3.3, Fig.3.4, Fig. 3.5 and Fig.3.6)
, while control and SE mice trended to have the opposite relationship at the 20 ms,
50 ms, and 100 ms ISIs (Fig. 3.11, Fig.3.12, Fig. 3.14 and Fig.3.16). One possible
explanation for this reversal in relationship is the stimulation amplitude used between
the two species. The rat groups had the pulse train and paired pulse recordings elicited
at maximal (100%) stimulation, while the mouse groups received half of maximal
(50%) stimulation. This would result in a change of synaptic release probability
between the species (with the rats having a higher release probability per stimulus).
It is important to recognize that the behavioral measures of seizure progression my
not be entirely accurate. A more accurate measure of seizure progression would be
to obtain EEG recordings during the course of the seizures. [71]
The control rats having an increased release probability compared to the SE rats
could be in part due to the increased synaptic eﬃcacy at maximal stimulation. This
increase in synaptic eﬃcacy overall could result in higher eﬃciency of neurotransmitter release compared to the SE rats. However, this is distinctly in contrast to the
results of the mouse study. In the mouse experiments, it was also seen that there was
an increase in synaptic eﬃcacy in the control mice compared to the SE mice. Yet in
the pulse train and paired pulse measurements, the SE mice demonstrated a slightly
higher increase in release probability compared to the control mice, particularly at

37
ISIs of 20 ms, 50 ms, and 100 ms. It should be noted that hippocampal CA1 neurons
often demonstrate resting ﬁring rates with intervals of around 1 second, and ﬁring
intervals of 100-200 ms during activity [72]. The interneurons often show shorter
intervals during activity of around 50 ms [73].
As the short term plasticity in the hippocampus is strongly correlated to gamma
oscillations required for memory formation and recall [24, 25], these changes in short
term plasticity could have strong implications for the animals ability to learn and
recall. Animals with induced epilepsy have demonstrated a diminished ability to form
hippocampal-dependent memories as shown with the Morris water maze [74]. One
possible cause of the decrease in declarative memory formation following SE could
be due to the altered short term plasticity distorting the synchrony of the gamma
oscillation [25].
There is a loss of inhibitory interneurons following SE [75]. This loss of inhibitory
interneurons is of particular interest at the 50 ms ISI ﬁring rate of pulse trains, as
that is the normal physiological ﬁring rate of these neurons [73]. This loss of interneurons likely disrupts the feedback and feedforward inhibition circuitry within
the hippocampal CA1 subregion. This loss in inhibitory interneurons also related to
the anatomical changes demonstrated by the Brewster lab [9–11]. A brief summary
of the anatomical changes can be seen in Figure 4.1. This change in feedback and
feed-forward could have signiﬁcant implications for the functional compensation seen
in the SE induced mice. Although there is evidence for activity-dependent plasticity of inhibition in the hippocampal interneurons [76, 77], it is still unknown what
speciﬁc mechanisms are involved and how the occur. However, it has been seen that
homeostatic plasticity within both the interneuron and pyramidal cell populations
can help facilitate functional changes to compensate for loss of memory creation and
recall abilities following acute injury to the hippocampus [78, 79].
Despite the lack of understanding of the speciﬁc interneuron related plasticity
changes within the hippocampus, it is known that the alterations in interneuron efﬁcacy can lead to functional restructuring within the remaining interneuron popula-
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Fig. 4.1. A summary of anatomical changes found in the hippocampus 14+ days after SE induction. These results show a signiﬁcant
(p<0.05) decrease in both excitatory and inhibitory neurotransmitter
containing vesicles.

tion [80].It has been shown that during memory recall and formation, select inhibitory
interneurons have substantially diminished ﬁring rates [25]. These decreased ﬁring
rates suggest that proper feedforward and feedback inhibition within the interneuron
population is important for proper declarative memory function. In addition, altered
plasticity in these interneuron populations would be linked to less speciﬁc syncronization of ﬁring [25], which is a classical hallmark of epilepsy [2, 4]. In addition to the
changes of the inhibitory interneurons, it has been found in a C3 knockout model of
mouse, that the regulation of the glutamatergic synapses eliminated future seizures
within the hippocampus [81]. However, this regulation of glutamatergic synapses was
not suﬃcient to restore the learning and memory defects within these animals [81].
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For further understanding of the mechanisms behind the short-term plasticity alterations in the hippocampus, it is important to continue the investigation of this
problem within a patch clamp setting. Future aspects to investigate include identifying whether the overall decrease in EPSP amplitude is due to solely decreased synaptic
eﬃcacy, or in part to the decease in synapse number overall, or whether the changes
in short term plasticity are due to presynaptic or postsynaptic plasticity changes in
the pyramidal cells, the interneuron - particularly the O-LM and nerurogliaform populations, or both excitatory and inhibitory populations.
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Mathern, S. L. Moshé, E. Perucca, I. E. Scheﬀer, T. Tomson, M. Watanabe,
and S. Wiebe, “ILAE Oﬃcial Report: A practical clinical deﬁnition of epilepsy,”
Epilepsia, vol. 55, no. 4, pp. 475–482, 2014.
[3] J. G. R. Jeﬀerys, “Are changes in synaptic function that underlie hyperexcitability responsible for seizure activity?” Advances in experimental medicine and
biology, vol. 813, pp. 185–194, 2014.
[4] W. Truccolo, O. J. Ahmed, M. T. Harrison, E. N. Eskandar, G. R. Cosgrove,
J. R. Madsen, A. S. Blum, N. S. Potter, L. R. Hochberg, and S. S. Cash,
“Neuronal Ensemble Synchrony during Human Focal Seizures,” The Journal
of Neuroscience, vol. 34, no. 30, pp. 9927–9944, 7 2014. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4107409/
[5] National Institute of Neurological Disorders and Stroke, “The Epilepsies and Seizures:
Hope Through Research,”
2016. [Online].
Available:
https://www.nimh.nih.gov/site-info/citing-nimh-information-andpublications.shtml
[6] W. A. HAUSER, J. F. ANNEGERS, and L. T. KURLAND, “PREVALENCE
OF EPILEPSY IN ROCHESTER, MINNESOTA - 1940-1980,” EPILEPSIA,
vol. 32, no. 4, pp. 429–445, 1991.
[7] T. Lawson and S. Yeager, “Status Epilepticus in Adults: A Review of Diagnosis
and Treatment.” Critical care nurse, vol. 36, no. 2, pp. 62–73, 4 2016.
[8] J. M. Parent, T. W. Yu, R. T. Leibowitz, D. H. Geschwind, R. S. Sloviter, and
D. H. Lowenstein, “Dentate granule cell neurogenesis is increased by seizures and
contributes to aberrant network reorganization in the adult rat hippocampus,”
JOURNAL OF NEUROSCIENCE, vol. 17, no. 10, pp. 3727–3738, 5 1997.
[9] N. D. Schartz, S. A. Herr, L. Madsen, S. J. Butts, C. Torres, L. B. Mendez,
and A. L. Brewster, “Spatiotemporal proﬁle of Map2 and microglial changes in
the hippocampal CA1 region following pilocarpine-induced status epilepticus,”
SCIENTIFIC REPORTS, vol. 6, 5 2016.

41
[10] A. L. Brewster, J. N. Lugo, V. V. Patil, W. L. Lee, Y. Qian, F. Vanegas,
and A. E. Anderson, “Rapamycin Reverses Status Epilepticus-Induced Memory
Deﬁcits and Dendritic Damage,” PLOS ONE, vol. 8, no. 3, pp. 1–17, 2013.
[Online]. Available: https://doi.org/10.1371/journal.pone.0057808
[11] N. D. Schartz, S. K. Wyatt-Johnson, L. R. Price, S. A. Colin, and A. L. Brewster,
“Status epilepticus triggers long-lasting activation of complement C1q-C3 signaling in the hippocampus that correlates with seizure frequency in experimental
epilepsy,” NEUROBIOLOGY OF DISEASE, vol. 109, no. A, pp. 163–173, 1
2018.
[12] B. Milner, “Disorders of learning and memory after temporal lobe lesions in
man.” Clinical neurosurgery, vol. 19, pp. 421–446, 1972.
[13] W. B. SCOVILLE and B. MILNER, “LOSS OF RECENT MEMORY AFTER BILATERAL HIPPOCAMPAL LESIONS,” JOURNAL OF NEUROLOGY NEUROSURGERY AND PSYCHIATRY, vol. 20, no. 1, pp. 11–21, 1957.
[14] B. MILNER, S. CORKIN, and H. L. TEUBER, “FURTHER ANALYSIS OF
HIPPOCAMPAL AMNESIC SYNDROME - 14-YEAR FOLLOW-UP STUDY
OF HM,” NEUROPSYCHOLOGIA, vol. 6, no. 3, pp. 215–&, 1968.
[15] L. R. Squire, C. E. L. Stark, and R. E. Clark, “THE MEDIAL TEMPORAL
LOBE,” Annual Review of Neuroscience, vol. 27, no. 1, pp. 279–306, 6 2004.
[Online]. Available: https://doi.org/10.1146/annurev.neuro.27.070203.144130
[16] L. R. SQUIRE and S. ZOLAMORGAN, “THE MEDIAL TEMPORAL-LOBE
MEMORY SYSTEM,” SCIENCE, vol. 253, no. 5026, pp. 1380–1386, 9 1991.
[17] L. Stefanacci, E. A. Buﬀalo, H. Schmolck, and L. R. Squire, “Profound amnesia
after damage to the medial temporal lobe: A neuroanatomical and neuropsychological proﬁle of patient E.P.” JOURNAL OF NEUROSCIENCE, vol. 20, no. 18,
pp. 7024–7036, 9 2000.
[18] S. Corkin, D. G. Amaral, R. G. Gonzalez, K. A. Johnson, and B. T. Hyman,
“HM’s medial temporal lobe lesion: Findings from magnetic resonance imaging,”
JOURNAL OF NEUROSCIENCE, vol. 17, no. 10, pp. 3964–3979, 5 1997.
[19] N. J. Broadbent, S. Gaskin, L. R. Squire, and R. E. Clark, “Object recognition memory and the rodent hippocampus,” Learning &
Memory, vol. 17, no. 1, pp. 5–11, 1 2010. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2807177/
[20] M. B. MOSER, E. I. MOSER, E. FORREST, P. ANDERSEN, and R. G. M.
MORRIS, “SPATIAL-LEARNING WITH A MINISLAB IN THE DORSAL
HIPPOCAMPUS,” PROCEEDINGS OF THE NATIONAL ACADEMY OF
SCIENCES OF THE UNITED STATES OF AMERICA, vol. 92, no. 21, pp.
9697–9701, 10 1995.
[21] B. Leuner and E. Gould, “Structural Plasticity and Hippocampal Function,”
Annual review of psychology, vol. 61, pp. 111–C3, 2010. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3012424/
[22] P. Y. Risold and L. W. Swanson, “Connections of the rat lateral septal complex,”
BRAIN RESEARCH REVIEWS, vol. 24, no. 2-3, pp. 115–195, 9 1997.

42
[23] T. Bus, “INAUGURAL - DISSERTATION zur Erlangung der Doktorwürde
der Naturwissenschaftlich-Mathematischen Gesamtfakultät der Ruprecht-KarlsUniversität Heidelberg Genetic investigations into the role of ionotropic glutamate receptors in hippocampal learning,” 2009.
[24] T. Klausberger and P. Somogyi, “Neuronal Diversity and Temporal
Dynamics:
The Unity of Hippocampal Circuit Operations,” Science, vol. 321, no. 5885, pp. 53–57, 2008. [Online]. Available:
http://science.sciencemag.org/content/321/5885/53
[25] D. M. Kullmann, “Interneuron networks in the hippocampus,” Current Opinion
in Neurobiology, vol. 21, no. 5, pp. 709–716, 2011. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/S0959438811000742
[26] C. Sanchez, J. Diaz-Nido, and J. Avila, “Phosphorylation of microtubuleassociated protein 2 (MAP2) and its relevance for the regulation of the neuronal
cytoskeleton function.” Progress in neurobiology, vol. 61, no. 2, pp. 133–168, 6
2000.
[27] N. S. Jalava, F. R. Lopez-Picon, T.-K. Kukko-Lukjanov, and I. E. Holopainen,
“Changes in microtubule-associated protein-2 (MAP2) expression during development and after status epilepticus in the immature rat hippocampus,” INTERNATIONAL JOURNAL OF DEVELOPMENTAL NEUROSCIENCE, vol. 25,
no. 2, pp. 121–131, 4 2007.
[28] M. Tokuda and O. Hatase, “Regulation of neuronal plasticity in the central
nervous system by phosphorylation and dephosphorylation.” Molecular neurobiology, vol. 17, no. 1-3, pp. 137–156, 1998.
[29] J. W. Swann, S. Al-Noori, M. Jiang, and C. L. Lee, “Spine loss and other dendritic abnormalities in epilepsy.” Hippocampus, vol. 10, no. 5, pp. 617–625, 2000.
[30] M. Wong, “Modulation of dendritic spines in epilepsy: cellular mechanisms and
functional implications.” Epilepsy & behavior : E&B, vol. 7, no. 4, pp. 569–577,
12 2005.
[31] E. Avignone, L. Ulmann, F. Levavasseur, F. Rassendren, and E. Audinat, “Status epilepticus induces a particular microglial activation state characterized by
enhanced purinergic signaling.” The Journal of neuroscience : the oﬃcial journal
of the Society for Neuroscience, vol. 28, no. 37, pp. 9133–9144, 9 2008.
[32] M. Rizzi, C. Perego, M. Aliprandi, C. Richichi, T. Ravizza, D. Colella,
J. Veliskova, S. L. Moshe, M. G. De Simoni, and A. Vezzani, “Glia activation
and cytokine increase in rat hippocampus by kainic acid-induced status epilepticus during postnatal development.” Neurobiology of disease, vol. 14, no. 3, pp.
494–503, 12 2003.
[33] A. Vezzani and T. Granata, “Brain inﬂammation in epilepsy: experimental and
clinical evidence.” Epilepsia, vol. 46, no. 11, pp. 1724–1743, 11 2005.
[34] M. G. De Simoni, C. Perego, T. Ravizza, D. Moneta, M. Conti, F. Marchesi,
A. De Luigi, S. Garattini, and A. Vezzani, “Inﬂammatory cytokines and related
genes are induced in the rat hippocampus by limbic status epilepticus.” The
European journal of neuroscience, vol. 12, no. 7, pp. 2623–2633, 7 2000.

43
[35] T. Ravizza, M. Rizzi, C. Perego, C. Richichi, J. Veliskova, S. L. Moshe, M. G.
De Simoni, and A. Vezzani, “Inﬂammatory response and glia activation in developing rat hippocampus after status epilepticus.” Epilepsia, vol. 46 Suppl 5,
pp. 113–117, 2005.
[36] F. Al Suﬁani and L. C. Ang, “Neuropathology of Temporal Lobe Epilepsy,”
Epilepsy Research and Treatment, vol. 2012, no. 2, pp. 1–13, 2012. [Online].
Available: http://www.hindawi.com/journals/ert/2012/624519/
[37] S. B. E., H. C. R., T. Uwami, W. G. O., D. Antonio, R. J. Ronald, and
D.-E. Antonio, “Hippocampal Cell Loss in Posttraumatic Human Epilepsy,”
Epilepsia, vol. 47, no. 8, pp. 1373–1382, 8 2006. [Online]. Available:
https://doi.org/10.1111/j.1528-1167.2006.00602.x
[38] P. Janz, S. Savanthrapadian, U. Haussler, A. Kilias, S. Nestel, O. Kretz,
M. Kirsch, M. Bartos, U. Egert, and C. A. Haas, “Synaptic Remodeling of Entorhinal Input Contributes to an Aberrant Hippocampal Network in Temporal
Lobe Epilepsy.” Cerebral cortex (New York, N.Y. : 1991), vol. 27, no. 3, pp.
2348–2364, 3 2017.
[39] T. C. Sudhof, “The synaptic vesicle cycle,” ANNUAL REVIEW OF NEUROSCIENCE, vol. 27, pp. 509–547, 2004.
[40] A. Citri and R. C. Malenka, “Synaptic Plasticity: Multiple Forms, Functions, and
Mechanisms,” Neuropsychopharmacology, vol. 33, p. 18, 8 2007. [Online]. Available: http://dx.doi.org/10.1038/sj.npp.1301559 http://10.0.4.14/sj.npp.1301559
[41] R. S. Zucker and W. G. Regehr, “Short-Term Synaptic Plasticity,” Annual
Review of Physiology, vol. 64, no. 1, pp. 355–405, 2002. [Online]. Available:
https://doi.org/10.1146/annurev.physiol.64.092501.114547
[42] N. Caporale and Y. Dan, “Spike TimingDependent Plasticity: A Hebbian
Learning Rule,” Annual Review of Neuroscience, vol. 31, no. 1, pp. 25–46, 6 2008.
[Online]. Available: https://doi.org/10.1146/annurev.neuro.31.060407.125639
[43] A. M. Thomson, J. Deuchars, and D. C. West, “Large, deep layer pyramidpyramid single axon EPSPs in slices of rat motor cortex display paired pulse and
frequency-dependent depression, mediated presynaptically and self-facilitation,
mediated postsynaptically.” Journal of neurophysiology, vol. 70, no. 6, pp. 2354–
2369, 12 1993.
[44] A. M. Thomson and D. C. West, “Fluctuations in pyramid-pyramid excitatory
postsynaptic potentials modiﬁed by presynaptic ﬁring pattern and postsynaptic
membrane potential using paired intracellular recordings in rat neocortex,”
Neuroscience, vol. 54, no. 2, pp. 329–346, 1993. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/030645229390256F
[45] P. M. Casillas-Espinosa, K. L. Powell, and T. J. O’Brien, “Regulators of synaptic
transmission: roles in the pathogenesis and treatment of epilepsy.” Epilepsia, vol.
53 Suppl 9, pp. 41–58, 12 2012.
[46] L. Etholm, E. Bahonjic, S. I. Walaas, H.-T. Kao, and P. Heggelund, “Neuroethologically delineated diﬀerences in the seizure behavior of Synapsin 1 and Synapsin
2 knock-out mice,” EPILEPSY RESEARCH, vol. 99, no. 3, pp. 252–259, 5 2012.

44
[47] G. M. Alexander and D. W. Godwin, “Presynaptic inhibition of corticothalamic
feedback by metabotropic glutamate receptors,” JOURNAL OF NEUROPHYSIOLOGY, vol. 94, no. 1, pp. 163–175, 7 2005.
[48] J. C. Erickson, K. E. Clegg, and R. D. Palmiter, “Sensitivity to leptin and
susceptibility to seizures of mice lacking neuropeptide Y,” NATURE, vol. 381,
no. 6581, pp. 415–418, 5 1996.
[49] A. Alt, B. Weiss, A. M. Ogden, X. Li, S. D. Gleason, D. O. Calligaro, D. Bleakman, and J. M. Witkin, “In vitro and in vivo studies in rats with LY293558
suggest AMPA/kainate receptor blockade as a novel potential mechanism for the
therapeutic treatment of anxiety disorders,” PSYCHOPHARMACOLOGY, vol.
185, no. 2, pp. 240–247, 4 2006.
[50] K. K. Dev, A. Nishimune, J. M. Henley, and S. Nakanishi, “The protein kinase
C alpha binding protein PICK1 interacts with short but not long form alternative splice variants of AMPA receptor subunits,” NEUROPHARMACOLOGY,
vol. 38, no. 5, pp. 635–644, 5 1999.
[51] G. L. Collingridge, R. W. Olsen, J. Peters, and M. Spedding, “A nomenclature
for ligand-gated ion channels,” NEUROPHARMACOLOGY, vol. 56, no. 1, pp.
2–5, 1 2009.
[52] M. A. Cowley, R. G. Smith, S. Diano, M. Tschop, N. Pronchuk, K. L. Grove,
C. J. Strasburger, M. Bidlingmaier, M. Esterman, M. L. Heiman, L. M. GarciaSegura, E. A. Nillni, P. Mendez, M. J. Low, P. Sotonyi, J. M. Friedman, H. Y. Liu,
S. Pinto, W. F. Colmers, R. D. Cone, and T. L. Horvath, “The distribution and
mechanism of action of ghrelin in the CNS demonstrates a novel hypothalamic
circuit regulating energy homeostasis,” NEURON, vol. 37, no. 4, pp. 649–661, 2
2003.
[53] Z. Csaba, S. Pirker, B. Lelouvier, A. Simon, C. Videau, J. Epelbaum, T. Czech,
C. Baumgartner, G. Sperk, and P. Dournaud, “Somatostatin receptor type 2
undergoes plastic changes in the human epileptic dentate gyrus,” JOURNAL OF
NEUROPATHOLOGY AND EXPERIMENTAL NEUROLOGY, vol. 64, no. 11,
pp. 956–969, 11 2005.
[54] S. E. L. Chamberlain, D. E. Jane, and R. S. G. Jones, “Pre- and post-synaptic
functions of kainate receptors at glutamate and GABA synapses in the rat entorhinal cortex,” HIPPOCAMPUS, vol. 22, no. 3, pp. 555–576, 3 2012.
[55] P. Chi, P. Greengard, and T. A. Ryan, “Synaptic vesicle mobilization is regulated by distinct synapsin I phosphorylation pathways at diﬀerent frequencies,”
NEURON, vol. 38, no. 1, pp. 69–78, 4 2003.
[56] E. L. Clayton, V. Anggono, K. J. Smillie, N. Chau, P. J. Robinson, and
M. A. Cousin, “The Phospho-Dependent Dynamin-Syndapin Interaction Triggers Activity-Dependent Bulk Endocytosis of Synaptic Vesicles,” JOURNAL OF
NEUROSCIENCE, vol. 29, no. 24, pp. 7706–7717, 6 2009.
[57] J. P. Camina, M. C. Carreira, D. Micic, M. Pombo, F. Kelestimur, C. Dieguez,
and F. F. Casanueva, “Regulation of ghrelin secretion and action,” ENDOCRINE, vol. 22, no. 1, pp. 5–12, 10 2003.

45
[58] H. Cao, F. Garcia, and M. A. McNiven, “Diﬀerential distribution of dynamin
isoforms in mammalian cells,” MOLECULAR BIOLOGY OF THE CELL, vol. 9,
no. 9, pp. 2595–2609, 9 1998.
[59] G. L. Cavalleri, M. E. Weale, K. V. Shianna, R. Singh, J. M. Lynch, B. Grinton,
C. Szoeke, K. Murphy, P. Kinirons, D. O’Rourke, D. Ge, C. Depondt, K. G.
Claeys, M. Pandolfo, C. Gumbs, N. Walley, J. McNamara, J. C. Mulley, K. N.
Linney, L. J. Sheﬃeld, R. A. Radtke, S. K. Tate, S. L. Chissoe, R. A. Gibson,
D. Hosford, A. Stanton, T. D. Graves, M. G. Hanna, K. Eriksson, A.-M. Kantanen, R. Kalviainen, T. J. O’Brien, J. W. Sander, J. S. Duncan, I. E. Scheﬀer,
S. F. Berkovic, N. W. Wood, C. P. Doherty, N. Delanty, S. M. Sisodiya, and D. B.
Goldstein, “Multicentre search for genetic susceptibility loci in sporadic epilepsy
syndrome and seizure types: a case-control study,” LANCET NEUROLOGY,
vol. 6, no. 11, pp. 970–980, 11 2007.
[60] G. Bulaj, B. R. Green, H.-K. Lee, C. R. Robertson, K. White, L. Zhang,
M. Sochanska, S. P. Flynn, E. A. Scholl, T. H. Pruess, M. D. Smith, and H. S.
White, “Design, Synthesis, and Characterization of High-Aﬃnity, SystemicallyActive Galanin Analogues with Potent Anticonvulsant Activities,” JOURNAL
OF MEDICINAL CHEMISTRY, vol. 51, no. 24, pp. 8038–8047, 12 2008.
[61] C. Cabrele and A. G. Beck-Sickinger, “Molecular characterization of the ligandreceptor interaction of the neuropeptide Y family,” JOURNAL OF PEPTIDE
SCIENCE, vol. 6, no. 3, pp. 97+, 3 2000.
[62] M. J. Brodie, S. J. Wroe, A. D. P. Dean, T. A. H. Holdich, J. Whitehead,
and J. W. Stevens, “Eﬃcacy and safety of remacemide versus carbamazepine in
newly diagnosed epilepsy: Comparison by sequential analysis,” EPILEPSY &
BEHAVIOR, vol. 3, no. 2, pp. 140–146, 4 2002.
[63] A. Binaschi, G. Bregola, and M. Simonato, “On the role of somatostatin in seizure
control: Clues from the hippocampus,” REVIEWS IN THE NEUROSCIENCES,
vol. 14, no. 3, pp. 285–301, 2003.
[64] S. D. Brain and H. M. Cox, “Neuropeptides and their receptors: innovative
science providing novel therapeutic targets,” BRITISH JOURNAL OF PHARMACOLOGY, vol. 147, no. 1, pp. S202–S211, 1 2006.
[65] S. C. Baraban, “Neuropeptide Y and epilepsy: recent progress, prospects and
controversies,” NEUROPEPTIDES, vol. 38, no. 4, pp. 261–265, 8 2004.
[66] Z. Atcha, W.-S. Chen, A. B. Ong, F.-K. Wong, A. Neo, E. R. Browne, J. Witherington, and D. J. Pemberton, “Cognitive enhancing eﬀects of ghrelin receptor
agonists,” PSYCHOPHARMACOLOGY, vol. 206, no. 3, pp. 415–427, 10 2009.
[67] P. Baldelli, A. Fassio, F. Valtorta, and F. Benfenati, “Lack of synapsin I reduces
the readily releasable pool of synaptic vesicles at central inhibitory synapses,”
JOURNAL OF NEUROSCIENCE, vol. 27, no. 49, pp. 13 520–13 531, 12 2007.
[68] R. J. Racine, “Modiﬁcation of seizure activity by electrical stimulation:
II. Motor seizure,” Electroencephalography and Clinical Neurophysiology, vol. 32, no. 3, pp. 281–294, 3 1972. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/0013469472901770

46
[69] K. Paul and C. L. Cox, “Excitatory actions of substance P in the rat lateral posterior nucleus,” EUROPEAN JOURNAL OF NEUROSCIENCE, vol. 31, no. 1,
pp. 1–13, 1 2010.
[70] D. M. Mathis, J. L. Furman, and C. M. Norris, “Preparation of Acute
Hippocampal Slices from Rats and Transgenic Mice for the Study of Synaptic
Alterations during Aging and Amyloid Pathology,” JoVE, no. 49, p. e2330,
2011. [Online]. Available: https://www.jove.com/video/2330
[71] K. D. Phelan, U. T. Shwe, D. K. Williams, L. J. Greenﬁeld, and F. Zheng,
“Pilocarpine-induced Status Epilepticus in Mice: A comparison of spectral
analysis of electroencephalogram and behavioral grading using the Racine
scale,” Epilepsy research, vol. 117, pp. 90–96, 11 2015. [Online]. Available:
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4637191/
[72] J. Waters and S. J. Smith, “Vesicle pool partitioning inﬂuences presynaptic diversity and weighting in rat hippocampal synapses.” The Journal of physiology,
vol. 541, no. Pt 3, pp. 811–823, 6 2002.
[73] O. J. Ahmed and M. R. Mehta, “The Hippocampal Rate Code: Anatomy, Physiology and Theory,” Trends in neurosciences, vol. 32, no. 6, pp. 329–338, 6 2009.
[Online]. Available: http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3066563/
[74] J. R. Casanova, M. Nishimura, J. W. Owens, and J. W. Swann, “Impact of
seizures on developing dendrites: Implications for intellectual developmental disabilities,” Epilepsia, vol. 53, no. SUPPL. 1, pp. 116–124, 2012.
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